We study the interaction of borrower mortgage prepayment and mortgage delinquency during the period between 2001 and 2010. We show that when house prices flattened and began their subsequent decline, borrowers had increasingly slow prepayments and that this decline in prepayment rates roughly coincided with the sharp increase in their delinquency rates. Low credit score borrowers, in particular, display a pronounced negative correlation between default rates and prepayment rates. Shortfalls of actual prepayment rates from predicted rates based on an estimated prepayment model suggest that, in addition to the effects of declining house prices, tighter lending standards also may have played a role in weak prepayment activity.
Introduction
In this paper we document the connection between declines in borrower prepayment rates and increases in delinquency rates in the 2001-2010 period. During the housing boom in the mid-2000s, low credit score borrowers had higher prepayment speeds than borrowers with higher credit scores.
When house price appreciation slowed, however, the situation reversed itself. More and more borrowers, especially low credit score borrowers, were unable to prepay, and quickly became unable (or unwilling) to keep current on their mortgages. We also document that even after controlling for risk factors that would impede mortgage prepayment, including loan-to-value ratios, post-2007 prepayment rates appear unaccountably slow, suggesting that lenders tightened underwriting standards towards the end of the 2000s. Finally, we quantify the size of this possible negative credit supply shock in residential mortgage lending.
The expected return on a mortgage loan is determined by the expected cash flows in the form of monthly mortgage payments. The primary risk that mortgage lenders and investors face is that these cash flows cease, either because the borrower prepays the loan or because the borrower falls into default. For most of the past several decades researchers studying mortgage loan performance have focused on prepayment risk and the related question of whether borrower prepayment behavior was optimal or not. 1 Indeed, prior to the boom in mortgage lending in the 2000s, downpayment requirements and other underwriting standards were effectively so stringent as to make default a fairly unusual event. Between 1980 and 2005, the mortgage delinquency rate (defined to be loans past-due 60 days or more, plus foreclosures) averaged just over 2 percent. With the first-lien mortgage delinquency rate in 2010 at nearly 11 percent, much of the research focus on mortgage loan performance has shifted to default risk. For example, see Doms, Furlong, and Krainer (2007) , Gerardi, Shapiro, and Willen (2008) , and Gerardi, Lehnert, Sherlund, and Willen (2009) for papers accounting for the patterns of default using observable borrower and market-specific variables, and Bubb and Kaufman (2009), Elul (2009) , Keys, Mukherjee, Seru, and Vig (2010) , and Krainer and Laderman (2009) for papers examining the role of possible agency problems between loan originators and investors.
Subprime loans, or loans to borrowers with high ex ante default probabilities, were originally conceived as credit repair loans. The typical subprime borrower was a person (or household) with some history of loan delinquency and financial distress. The subprime mortgage was a form of bridge finance for these borrowers. Loan rates were typically so high as to be burdensome for a household in the long run. But by meeting payment obligations the household would be rewarded with a higher credit score and, with luck, would build some equity in the house. At this point, the borrower would prepay and effectively refinance into a more affordable loan. This basic story is at the heart of the narrative sketched out by Gorton (2008) , with the added emphasis that at the peak of the subprime lending boom in the mid 2000s, expectations for strong house price appreciation would tend to make this type of business model quite attractive to lenders. 2 Indeed, Gorton's description of the subprime lending model is effectively one where lenders shifted the emphasis from traditional underwriting standards to a business model that depended on continued house price appreciation. Early prepayment was a core part of the story for borrowers and lenders alike. 3 If house prices failed to rise, however, this event could short circuit the refinancing option.
If borrowers were unable to prepay the loan, the loose underwriting and generally high LTVs at origination would imply high default probabilities.
The literature on the housing and mortgage market collapse is now quite substantial. To date, however, there has been relatively little analysis on prepayment rates during the last decade. One important early paper that integrates prepayment and default risk is the work of Deng, Quigley, and VanOrder (2000) who observe that accounting for a borrower's prepayment option helps to explain the seemingly slow propensities of borrowers to default during the 1990s. 4 Deng et. al. demonstrate that the default hazard is sensitive to interest rate volatility. Borrowers evidently lower their default points because of the value of their prepayment options. In some cases, the prepayment option provides the borrower with an added incentive to wait for further house price appreciation, and thereby induces the borrower to stay current on the mortgage. Much of our empirical analysis is conducted in the same spirit as the Deng et. al. paper, although it is implemented on a different sample period with quite different economic outcomes for borrowers and lenders.
The main empirical question we address is the extent to which the increase in delinquency rates during the housing market bust was related to a decrease in the ability of borrowers to prepay. We informally link this inability prepay to an inability to qualify for a new loan due to a decline in house prices. Then we estimate a competing risks hazard model of prepayment that includes house prices as an explanatory variable. We use this model to predict prepayment and find that, since the end of 2007, actual prepayment has lagged predicted values. We posit therefore that tighter lending standards also decreased borrowers' ability to refinance.
The rest of the paper is organized as follows. Section 2 discusses our data set, consisting of loan level information on home mortgages originated between 2001 and 2008. In Section 3 we describe the basic patterns in the data, while Section 4 discusses the estimation of the prepayment model and how we use the model to assess the impact of changing lending standards on mortgage prepayment. Section 5 concludes.
Data
Mortgage prepayments occur when a borrower sells the house or refinances the mortgage. In the data we can not distinguish between these two reasons behind prepayment. The primary motive for refinancing a mortgage is to reduce the interest rate on the loan, although borrowers may also want to alter other contract terms of the loan as well, such as switch from adjustablerate to fixed payments, or change the maturity of the loan. Another motive for borrowers to prepay their mortgages is to capitalize on house price appreciation. This motive could reflect the desire to smooth nonhousing consumption through a cash-out refinance of built up home equity.
Alternatively, for the most financially constrained borrowers, house price appreciation could loosen their financial constraints and allow borrowers to qualify for lower mortgage rates. This motive would be particularly strong for ARM borrowers with introductory teaser rates who are facing a future reset to a higher rate.
Prepayment rates are related to default rates in the sense that prepayment and default are competing risks that determine the payoff on a mortgage loan. If prepayment occurs, then default cannot occur. Default is thought to be costly to borrowers, so a borrower experiencing a life event (e.g., divorce, illness, job loss) would likely want to refinance or prepay his mortgage rather than incur default costs. Similarly, for a borrower with other, "strategic" motives for default (e.g., the value of the house has declined), the ability to prepay some time in the future acts as an incentive not to default. This is because, from a borrower's perspective, lowering the cost of financing a home purchase can offset capital losses on the home itself.
We study mortgage default and prepayment using data from LPS Applied Analytics, which collects reports from most of the nation's major mortgage servicers. 5 Our data set consists of loan level information on the credit score, interest rate, and performance of over 770,000 first-lien, One drawback to the LPS data is that the database has grown discretely over time as new servicers have entered into relationships with LPS. This raises the possibility that defaults and prepayments from earlier years will be under-represented in our data. For example, if a servicer starts contributing data to LPS in 2005.Q1, then we will start observing vintages of seasoned loans in that servicing portfolio as of that date, but miss the loans from those vintages that terminated prior to that date. We control for this problem by only considering loans that first appear in the LPS data at most one quarter following the stated closing date of the loan. Table 1 shows the ratios of pre-paid and 60-day delinquent loans by mortgage origination year and interest rate type-fixed or adjustable. 6 Not surprisingly, we can conclude that the performance of FRMs has differed somewhat from that of ARMs, with the latter exhibiting generally higher 5 In LPS's marketing literature, they claim that their participating servicers account for about 60% of the entire mortgage market.
6 In Table 1 and Table 2 and in the upper left-hand panels of Figure 1 and Figure 2 we extend the origination date window through the fourth quarter of 2009. We can then situate the prepayment and delinquency rate trends of our main sample, which ends with the first quarter of 2008, within slightly longer term trends. prepayment rates as well as higher delinquency rates. behavior are important inputs into mortgage delinquency, then we expect that these effects will differ according to the probability of delinquency of the borrower, independent of prepayment.
Again, not surprisingly, delinquency rates on low FICO score loans have been higher than on high FICO score loans. (Table 2 .) Figure 1 and Figure 2 show the progression over time of the prepayment and delinquency rates for FRMs and ARMs that were summarized in Table 1 . The proportion of loans that were pre-paid or delinquent by the end of our observation window is seen in the upper left-hand panel of each figure.
For We note that when the incidence of prepayment and delinquencies is measured between origination and a fixed date, as it is in these upper left-hand panels, the shorter observation periods for loans of more recent vintage tend to depress their prepayment and delinquency rates relative to those for older loans. Despite this bias, the declines in prepayment rates over time that are prominent in the upper left-hand panels of Figure 1 and Figure 2 also appear, in rough form, in the other three panels, which measure incidence over a fixed period of time after origination and therefore are not subject to the same effect. The general increases in delinquencies can be seen in these other panels, too. In addition, for both types of panels, prepayments and delinquencies tend to be higher for ARMs than for FRMs.
Given the broad similarities in the patterns of prepayments and delinquencies across the four panels, it probably matters little which time window we choose for our analysis of loan performance.
But, in order to minimize the type of bias just discussed, we choose to measure incidence over a fixed period of time after origination. In particular, we choose to report incidence of prepayment and default over a period of 24 months since origination. With this window, originations after the first quarter of 2008 must be discarded due to an insufficiently long observation period, but we think the length of the observation window is ample enough.
There does appear to be some association between increases in delinquency rates and decreases in prepayment rates. In order to assess whether the decreases in prepayment rates are due to a decrease in the ability to prepay, we observe the path of prepayment rates along with the path of the proportion of the loans of the indicated vintage whose borrowers should have had incentive to prepay within 24 months of their loan origination. If, during any of the eight quarters after and including the closing quarter for the loan, the current interest rate on the loan is above the market rate on FRMs, then we identify that borrower as a prepayment candidate. 7
In the top left panels of Figure 3 and Figure 4 , we observe that, for the earlier vintages of our sample, the relationship between our variable measuring the incentive to prepay and actual prepayment rates is as would be expected if it were relatively easy to prepay. Roughly speaking, when the proportion of borrowers with an incentive to prepay (the black line in the figures) decreases (increases), we observe a corresponding decrease (increase) in prepayment rates. This pattern for the earlier vintages is more pronounced for adjustable-rate loans, but, within a reasonable level of tolerance, shows up in the fixed-rate sector, too. What is striking, however, is that this pattern vintages than did borrowers in the same vintages with higher FICO scores. This is apparent for both FRMs (bottom row of panels in Figure 5 and Figure 6 ) and, especially, ARMs (bottom row of panels in Figure 7 and Figure 8 ). Figure 9 and Figure 10 also portray more rapid deterioration for lower FICO scores, across the whole range of FICO scores. 10
Of course, there are many reasons, in addition to the differential burden of prepayment difficulties, why low FICO delinquency rates increased more quickly than high FICO delinquency rates. Any financial setback will be more likely to result in delinquency for low FICO borrowers than for high FICO borrowers. Given this consideration, we identify low FICO ARM borrowers as showing evidence of being under particular financial duress, and we compare their delinquency 8 We measure house price appreciation over the two years following origination of the mortgage in the zip code of the property using the Home Value Indices constructed by Zillow.
9 Vintage 2005 FRM borrowers who wanted to prepay might also have faced increased difficulty due to flat house prices, but we would not be able to observe this, because, for most 2005 FRM borrowers, interest rates increased after they took out their mortgage. The general decrease in the incentive to prepay would mask any general decrease in the ability to prepay.
10 The figures plot mean delinquency rates for 10-point FICO score bins with fitted lines from estimations of third-order polynomials in these mean FICO scores. A wider bin is used for ARMS of the 2008 vintage, due to few observations at the very low FICO range. ARM borrowers' behavior is that they were highly motivated to refinance into new ARMs in order to remain in or reenter the initial low teaser rate period of adjustable rate loans or in order to obtain cash, especially if their adjustable rates were about to reset to the higher market levels. Prepayment rates offer a convenient way to measure the effects of possible credit supply shocks because the difficult problem of disentangling demand from supply is not as precarious as it is for other types of credit market interactions. We would normally expect that the demand for housing and, thus, the demand for mortgages, would be weak during periods when lenders were tightening loan terms. This is the identification problem: in weak economic times, is new lending weak because of demand or supply considerations? For existing homeowners and borrowers, however, the housing tenure decision has already been made. Given the lumpiness of the housing good, it is very costly to adjust housing consumption and there is ample evidence that households adjust their housing consumption only after large changes in demand. 11 Regardless of general demand conditions, all borrowers with mortgages and prepayment options have incentive to prepay their mortgages when interest rates fall. Thus, if the general level of interest rates falls and mortgage prepayment activity does not increase, we could surmise that the lack of prepayment reflects an unwillingness on the part of lenders to ease terms and facilitate prepayment. That is, we can interpret unexpectedly low prepayment rates as the result of changes in the supply of mortgage credit. to actual prepayment rates during the same period. To implement this exercise we estimate a competing risks hazard model where prepayment and default are competing risks. The hazard rate for risk j, h j (t) is the probability that the borrower terminates the mortgage at time T by termination type j, conditional on surviving to time t, h j (t) = lim δ→0 P r(t < T ≤ T + δ, j|T ≥ t) δ .
In the literature it is common to assume a proportional hazard framework where the conditional hazard function is factored into a "baseline" hazard h b j that is a function of t alone, and a function φ(x, β j ) that incorporates explanatory variables related to the hazard of interest. That is, the covariates shift the relative risk of failure but they do not affect the underlying shape of the hazard function. Note that the parameter vector β j is indexed by j, reflecting the way that covariates are allowed to impact the two hazards (default and prepayment) in different ways. We assume that the function φ takes an exponential form so that the hazard is given by,
This specification lends itself to a fairly straightforward interpretation of the effects of the covariates on the hazard rate. Consider two mortgage histories A and B with x's that differ only in that one history (history A) has a one unit increase in a single covariate x s . In comparing the hazard functions of these two mortgage histories, the hazard ratio,
, takes the simple form e β js .
A hazard ratio greater than one (less than one) indicates an estimated increase (decrease) in termination probability associated with that particular covariate. 12
Summary statistics for the covariates used in the hazard models are listed in Table 3 . In all of the specifications explored here we update the current LTV throughout the loan history by 12 The canonical competing risks proportional hazards model is estimated by maximizing the partial likelihood function
, where i denotes a history, j = 1, .., m denotes the types of termination, kj denotes the number of subjects in the data with termination type j, and R(tji) denotes the set of observations exposed to risk j after t periods of history. The likelihood function is "partial" in the sense that the method produces consistent estimates of the βs without a simultaneous estimation of the baseline hazard. See Cameron and Trivedi (2005) for details.
applying the house price appreciation of the relevant zip code-level house price index from Zillow to the reported LTV at origination. We also include a squared current LTV term to capture possible nonlinearities in the mortgage prepayment function with respect to LTV. In addition, we employ a set of static covariates such as the log of the loan amount at origination, the FICO score, and indicators for subprime, jumbo, full documentation and, for ARMs, an indicator of whether the mortgage is an option ARM.
All results in Table 3 are based on loans originated between 2001.Q1 and 2007.Q4 and observed over the same period. Given the different sensitivities of FRM and ARM borrowers to changes in interest rates, we estimate the prepayment models separately for FRMs and ARMs. For FRMs we model the incentive to prepay by the deviation of the borrower's (fixed) mortgage rate from the current market rate as given by the Freddie Mac primary mortgage market survey. As with the LTV variable, we include a squared interest rate deviation term to capture possible nonlinearities.
For ARM borrowers, we adopt a different specification of the interest rate incentive to prepay. Since the borrower's mortgage rate moves roughly with the level of current mortgage rates, we do not construct a deviation of the borrowers mortgage rate from the market rate, but instead simply use the prevailing 30-year FRM rate as a proxy for prepayment motive. Accordingly, interpretation of the propensity to prepay in the ARM models is different from the case of FRMs. For ARMs, it is a decrease in the fixed interest rate variable that would increase a borrower's incentive to switch contracts, in addition, take on a different exposure to interest rate risk.
The results from the prepayment modeling may be found in Tables 4 and 5 below. We report hazard ratios with robust standard errors in parentheses. Again, a reported hazard ratio less than one indicates that the covariate is negatively associated with the prepayment hazard, and vice-versa for hazard ratios greater than one. The reported results are for the prepayment hazard. By and large the hazard ratios have the expected signs. For FRMs, a one percentage point increase in the difference between the current mortgage rate and the prevailing market rate raises the prepayment hazard by a factor of nearly three. Prepayment probabilities increase at a declining rate, however, as this deviation between the borrower's fixed interest rate and the market rate grows larger.
For relatively low LTVs, an increase in the current LTV is associated with a slightly higher prepayment hazard rate. However, again we see that the squared term is negatively associated with mortgage prepayment. Thus, if LTV rises high enough, it can have a depressing effect on mortgage prepayment rates, consistent with the story sketched out in Section 3. Unsurprisingly, mortgages with stated prepayment penalties are about 20-25 percent less likely to prepay than otherwise identical mortgages. Borrowers with higher FICO scores have higher prepayment hazards, although the effect is not statistically significant in all the specifications considered here. The subprime indicator is significantly related to the prepayment hazard. Again, this is not too surprising given the presumption that the subprime indicator is negatively associated with access to credit. Jumbo mortgages have lower prepayment rates. Mortgages with full documentation of income sources have low prepayment rates over this time.
Borrowers with conforming mortgages purchased or pooled by the GSEs had prepayment hazards about 15 percent lower than the benchmark of loans that were retained in the lenders' portfolios. Privately securitized mortgages also had lower prepayment rates than retained mortgages.
Finally, we include some economic and financial market indicators in the hazard rate specifications.
The unemployment rate is positively associated with the prepayment hazard. Higher interest rate volatility, as given by the MOVE index, has a slightly negative effect on the prepayment hazard. 13 This latter finding is consistent with the notion that prepayment is an option for the mortgage borrower and, all other things held equal, an increase in volatility of a key state variable such as interest rates tends to increase the value of delaying exercise of the option.
For ARMs (Table 5) , the interest rate enters into the prepayment model differently, as discussed above. Thus, ARM borrowers are about 15-25 percent less likely to prepay their mortgages when the fixed mortgage rate goes up by one percent. Many of the other hazard ratios in Table 5 look qualitatively similar to the results for FRMs, with some notable exceptions. First, for ARMs, the presence of a prepayment penalty is associated with a higher prepayment probability-not lower, as was the case of FRMs. This finding is consistent with the story outlined in Gorton (2008) about how high rates and fees for certain high risk borrowers could be viewed as a way of sharing house price risk between borrowers and lenders. Related to this point, subprime borrowers with ARMs had prepayment hazards about 25 percent higher than other ARM borrowers. Finally, for the ARM specifications we also include an option ARM indicator. In our data we do not have reliable observations on option ARM recast dates, but the mere presence of the option ARM contract feature raises the prepayment hazard by about 15 percent, on average.
An out-of-sample exercise
We can aggregate the prepayment model's predictions to show the fitted prepayment rate for a given quarter and, thus, attempt to indirectly measure the extent to which the supply of mortgage credit may have shifted as the housing bust and economy-wide recession progressed. For this exercise we apply the specification in columns (iv) of Tables 4 and 5 prepayment predictions make use of a perfect foresight assumption for the variables assumed to determine prepayment. That is, the model takes as given the actual evolution of interest rates, house prices, and principal balances when generating a prepayment probability.
The results from the exercise may be found in Figure 13 , where we plot actual mortgage prepayment rates by quarter (solid line) alongside predicted prepayment rates (dashed line). The actual prepayment rate is the percentage of all loans entering a quarter that terminated in that quarter via a prepayment. The predicted prepayment rate is the average prepayment probability for all loans entering a quarter, based on the actual realizations of the covariates (e.g., LTV, the mortgage interest rate, age of loan, etc...) at the end of the previous quarter. For example, in the fourth quarter of 2002, approximately 3.4 percent of all mortgages in our sample were predicted to prepay, whereas in fact only 2.3 percent of the mortgages actually prepaid. Overall, the model appears to capture the basic patterns of prepayment during the estimation period. For example, predicted prepayment rates increase with actual prepayment rates in early .999 (1.33e-5)*** (1.34e-5)*** (1.34e-5)*** (1.36e-5)*** (1.38e-5)*** Krainer and Marquis (2003) , when interest rates hit local minima during these years, unusually large numbers of households quickly refinanced. These periods coincided with housing market booms, and the opportunity to obtain extra cash or trade up may have been especially motivating. In any case, the literature has recognized these periods as ones with unusually high levels of refinancing activity. 15
In the period surrounding the financial crisis, the out-of-sample prediction exceeds the actual prepayment rate by a considerable margin. Figure 13 shows the deviation for all mortgages, but a similar picture would emerge if we plotted predicted prepayment versus actual for ARMs and FRMs separately. The aggregate deviation between predicted and actual peaked in 2008.Q4 when, after a large decline in (conforming) mortgage rates, the predicted prepayment rate jumped to about 8 percent of all mortgages, but only about 1.5 percent of the borrowers in our sample managed to refinance.
The model should be capturing borrower incentives to prepay or refinance following the drop in market rates that occurred as the Federal Reserve slashed the federal funds target rate to 0-25 basis points and then embarked upon the first round of large scale asset purchases (LSAPs). Evidently, the usual rise in prepayments that would be predicted following a prolonged period of low interest rates was offset by some other factor or combination of factors. We do not believe that house price depreciation (or rising LTVs) is the primary culprit for the deviation in the post-2007 period, as this variable is explicitly part of the prepayment model. Income shocks to borrowers could be a problem. Unemployment enters our prepayment model crudely: we have the market level of unemployment but not the job status of the actual borrower whose prepayment incentive we are trying to evaluate. Additionally, borrowers may hesitate to refinance their mortgages because of uncertainty about their housing consumption status. If economic factors raise the likelihood that a household moves in the future, then it may not make sense to refinance. But we would like to think that job-related obstacles to prepayment would be randomly distributed across borrowers in a given market-at least from the perspective of the econometrician.
We posit that the most likely explanation for this deviation between predicted and actual is a consequence of the relative tightening of conditions in the mortgage market. For example, for FRMs, our measure of the prepayment probability function largely depends on the difference between the borrowers old fixed interest rate and the current value of a market benchmark rate. It could be the case that the existing rates of borrowers entering into our out-of-sample period were abnormally cheap relative to the benchmark rate at the time of origination and that these bargain rates were either much higher or no longer available.
Conclusion
In this paper we study the dynamics of mortgage prepayment behavior over the recent U.S. housing cycle. We document the connection between robust house price appreciation and prepayment during the housing boom in the early and mid 2000s. Similarly, once the housing market stalled and the recession began, we see depressed prepayment. We show how mortgage prepayment behavior during the boom period differed along the credit score spectrum. In these years, low credit score borrowers were actually more likely to prepay their mortgages than higher credit score borrowers. This fact is consistent with the Gorton (2008) description of how the subprime lending business was closely tied to house price appreciation and prepayment. When the housing market faltered, low credit score borrowers experienced lower prepayment rates than higher credit score borrowers. These borrowers, of course, eventually suffered high mortgage default rates.
While we feel that we have established an empirical link between house prices and prepayment and default, house price declines alone can not account for the low prepayment rates in the late 2000s, a period when mortgage interest rates were at historic lows. Our estimated prepayment model supports the view that, once the recession was under way, lenders tightened their standards and further constrained prepayment activity. Thus, our research supports the notion that not just house price dynamics, but credit supply conditions as well, have played an integral role in housing market performance during the most recent cycle. 
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